We describe and correlate environmental, floristic and structural vegetation traits of a large portion of Australian rangelands. We analysed 351 one hectare vegetation plots surveyed by Australia's Terrestrial Ecosystem Research Network (TERN) using the AusPlots Rangelands standardized method. The AusPlots Rangelands method involves surveying 1010 one meter-spaced point-intercepts (IPs) per plot. At each IP, species were scored, categorised by growth-form, converted to percentage cover as the input for the plot x species matrix. Vegetation structure is depicted by growth-form configuration and relative importance. The floristic and structural distance matrices were correlated with the Mantel test. Canonical correspondence analysis (CCA) related floristic composition to environmental variables sourced from WorldClim, the Atlas of Living Australia and TERN's Soil and Landscape Grid. Differences between clusters were tested with ANOVA while principal component analysis (PCA) ordered the plots within the environmental space. Our plot x species matrix required segmentation due to sparsity and high β-diversity. Based on the ordination of plots latitude within environmental space, the matrix was segmented into three "superclusters": the winter rain and temperate Mediterranean, the monsoonal rain savannas and the arid deserts. Further classification, with the UPGMA linkage method, generated two, four and five clusters, respectively. All groupings are described by species richness, diversity indices and growth form conformation. Several floristic disjunctions were apparent and their possible causes are discussed. For all superclusters, the correspondence between the floristic and the structural or growth form matrices was statistically significant. CCA ordination clearly demarcated all groupings. Aridity, rainfall, temperature, seasonality, soil nitrogen and pH are significant correlates to the ordination of superclusters and clusters. At present, our results are influenced by incomplete sampling. As more sites are surveyed, this pioneer analysis will be updated and refined providing tools for the effective management of Australian rangelands.
Introduction ecological (e.g. stratification across representative bioregions and sampling 'best on offer' habitats), administrative, and logistic considerations (e.g. feasibility of access). At each site, a plot with a 100 x 100 m grid was established enclosing 5 N-S and 5 E-W 100 m long transects, providing a total of 1010 one meter-spaced intercept points (IPs). For each IP, the species present was scored, identified and categorized by growth-form. Herbarium vouchers were taken for each species and sent to major herbaria for formal identification [22, 32] . All sites were sampled under permits issued by State Ã 100), were entered into the plot x species matrix. Obvious outlier plots, whose floristic distance (see below) was more than two standard deviations from the mean [33] , were deleted. The resulting data set comprised 351 plots (S1 Table and S1, S2 and S3 Files). The coefficient of variation of row (species cover in plots) totals was 64%, which is moderate and does not require further transformation [33] . Vegetation structure is established on species growth-form described by the Australian Soil and Land Survey Field Handbook [34] (S2 Table) . For each cluster (arising from our classification scheme, see below), the importance of individual growth-forms was obtained by adding the relative number of species and the relative number of IPs (max. importance = 200). The importance of each growth-form generated structural profiles (or spectra) for description and comparison between clusters. Also, for each cluster and for relevant growth-forms, the most important species were established by adding their relative IPs and their relative frequency (number of presences) in plots. Again, the maximum species importance value is 200. Photographs of the representative vegetated landscapes are shown for visual aid (S4 File).
Clustering and ordination. For floristically based analyses, we selected the Sørensen ecological distance (mathematically equivalent to the Bray-Curtis coefficient) [33] as the most appropriate for our vegetation matrix [33, 35] . An initial assessment revealed that our large dataset required to be segmented before subsequent clustering with the group average (UPGMA) linkage method. The relevance of the initial segmentation and the resulting clusters was appraised by their relative heterogeneity evaluated with the Whittaker's β-diversity index (total group species richness / mean plot species richness [36] . One-way ANOVAs were employed to test differences between clusters of several compositional indexes such as their β-diversity, species richness, the Shannon diversity index (H'), evenness (E) and by the number of IPs occupied by standing vegetation.
To assess the consistency within and the relationships between the initial major assemblages and between the derived clusters, we ordered the plots with canonical correspondence analysis (CCA) [33, 35, 36] . This method, where the ordination axes are constrained by linear functions of environmental variables, relates floristic composition to environmental variables listed in S1 Table. To test for the association between floristic and structural (growth-form) traits of our proposed classification schemes, we correlated both importance distance matrices with the Mantel test [37] . The standardized statistic (r) was randomized 1000 times to test for statistical significance.
The environment
Climatic and edaphic variables (S1 Table) outline the major environmental differences across the rangelands and support our joint environment-floristics analysis. Climate data come from the WorldClim grid with 30" resolution [38] . The aridity index is the ratio of mean annual rainfall to pan or potential evaporation (ranges from 0 to 1; high to low aridity), was sourced from the Atlas of Living Australia [39, 40] . Soil texture, nutrient content, and water holding capacity for the top soil layer and landscape variables were obtained from the TERN's Soil and Landscape Grid of Australia dataset at 30" resolution [41] . The totality of IPs covered by vegetation was employed as proxy for habitat suitability for plant growth. Original values of environmental variables were equalized by dividing them by their maximum value (all range between 0 and 1). Relationships among rescaled environment variables for plots was conveyed by principal component analysis (PCA) that orders the plots within multivariate environmental space. Also, differences between means of plots environmental variables within the major assemblages were statistically tested with ANOVA. All multivariate tasks were performed with PC-Ord V6.0 [42] and univariate statistical analysis with SYSTAT v10.0 [43] .
Results
The plot x species matrix was sparse with 55.5% of species occurring in only one plot (singletons). Matrix size, sparsity and high species turnover (β-diversity = 84.8) prevented ecologically sound classification and ordination schemes. Deleting singleton species (those in only one plot) from analysis, did not decrease β-diversity substantially nor improve the interpretation of results. Consequently, we stratified the dataset according to the PCA ordination of plots' latitude within the environmental space. Three latitudinally based plot groupings could be distinguished within the resulting ordination continuum: from -13˚S to -18˚S, from -19˚S to -31˚S and from -32˚S to -34˚S (Fig 2) . This latitudinal sequence is approximately parallel to that of the Australian Bioclimatic Zones [44] . North to South, our groupings are: (1) Savannas, with a summer rain monsoonal climate; (2) Deserts, with arid or semiarid climate and; (3) Mediterranean, within a region with temperate climate and winter rains (Fig 1a and S1 Table) . These groupings or "superclusters", with substantially diminished β-diversity, were suitable for further detailed ecological analysis.
Axis 1 of the PCA captures most of the climatic differences among superclusters with the coolest and least arid Mediterranean plots at one end of this axis. At opposite ends of Axis 2 are desert and savanna plots that differ in soil fertility and texture variables (Fig 2 and Table 1 ). However, a group of Mitchell Grass Downs plots (bounded plots, Fig 2) included in the desert supercluster appear more related to savanna environment. The Mediterranean plots, with low aridity and temperature, high soil nitrogen and carbon content and high vegetated IPs, but low soil bulk density (Table 1) , are widely spread along one end of Axis 1 probably due to the inclusion of a group of non-strictly rangeland plots from the Flinders-Lofty Block (Fig 2) .
The univariate environmental analysis of superclusters supports the PCA ordination: The Mediterranean plots are the most temperate and least arid (due to relatively low evaporation rate); those from the savannas are the rainiest and most seasonally predictable while the desert plots are the most arid (Table 2 and S1 Table) . Soil fertility, as denoted by nitrogen content and cation exchange capacity is highest in the Mediterranean plots that also had the highest soil pH and carbon content whereas soil phosphorus content was similar among superclusters (Table 2 and S1 Table) . In the Mediterranean plots soil water holding capacity was the highest and sand content was the lowest. Clay content and soil bulk density were highest in the savannas (Table 2 and S1 Table) . The proportion of vegetated ground was lowest in the desert plots ( Table 2 ).
Floristic and structural traits
In terms of number of sampled plots, land area covered, species richness and β-diversity, floristic heterogeneity and structural complexity graded from relatively high in the deserts to relatively low in the Mediterranean supercluster (Table 3a) . However, considering mean plot attributes, species richness was highest in the savannas and plot IPs were lowest in the deserts but other diversity indices did not differ among superclusters (Table 3a) . Further clustering of the Mediterranean sites produced two distinct and relatively homogeneous vegetation types (Fig 1b) . Although total species richness and β-diversity were similar, mean species richness, α-diversity and IPs per plot were significantly higher in cluster M2 (Table 3b ). The high importance of chenopods (Enchylaena spp., Sclerolaena spp., Maireana spp.) and the presence of hummock grasses (Triodia spp.) in M1 is prominent (Fig 3a; S3 Table and S4 File) as well as the disjunction between eastern and western mallees (Fig 1b) . Cluster M2 is woodier, with a clear dominance of open woodland and mallee eucalypts and shrubs with a characteristic signature provided by Xanthorrhoea spp. (Fig 3a; S3 Table and S4 File) . The savanna supercluster was considerably larger and more complex (Fig 1c) . Here, four clusters can be distinguished floristically and structurally (Table 3c and Fig 3b) . Clusters S1 and S2 were the most species rich with S2 displaying the highest β-diversity. However, mean α-diversity and evenness were similar among clusters (Table 3c) . Clusters S1 and S2 also had the highest mean species richness and IP cover per plot due to the stratified nature of its woody component (mostly Eucalyptus spp.) (Fig 3c; S4 Table and S4 File). Cluster S1 also shows an important floristic disjunction associated to the Mitchell Grass Downs area mentioned above. The interaction between tussock grasses and trees defines the physiognomy of the clusters, which grades from the densely wooded S4, strongly dominated by Melaleuca citrolens (Myrtaceae) to shared tree-grass dominance to largely treeless landscapes in S3 (Fig 3b; S4 Table and S4 File). Although tussock grasses prevail, clusters S2 and S3 show more structural diversity and differ by the relative importance of hummock grasses and chenopods (Fig 3b and  S4 File) . The desert supercluster was the largest and consequently the most heterogeneous and complex (Fig 1d) . Five clusters could be distinguished with significant differences in all floristic traits at the mean plot level (Table 3d) . Cluster D5 had the highest mean number of species per plot and α-diversity although it was not the most species rich overall (Table 3d ). Cluster D5 also had the highest proportion of vegetation cover, mostly by shrubs and sedges (Table 3d and Fig 3c) . Tussock and hummock grasses (mostly Triodia spp.) share dominance with shrubs and trees and define the physiognomy of the clusters with chenopods being important in D1 (Fig 3c; S5 Table and S4 File). Invasive buffel grass (Cenchrus ciliaris) dominates the herbaceous stratum in cluster D3 while mulga (Acacia aneura complex) predominates among shrubs (S5 Table and S4 File) . Cluster D2 displays an important east-west disjunction. For all superclusters, the correspondence between the floristic (Sørensen dissimilarity) and the structural or growth form (Euclidean distance) matrices was statistically significant (Table 4 ) which supports our proposed supercluster classification scheme.
Constrained ordination
The CCA ordination shows an appreciable demarcation between superclusters and, except for the Mediterranean supercluster, they exhibit relatively compact grouping (Fig 4a) . High MAT, Table. https://doi.org/10.1371/journal.pone.0202073.g004
Australian rangeland vegetation MAP and rainfall seasonality define the savannas, while low aridity but high soil nitrogen and carbon content are correlated with Mediterranean plots (Fig 4a and S6 Table) . High aridity and low soil N content plus alkaline soils define the desert supercluster (Fig 4a and S6 Table) . The soil physical properties and the proportion of vegetation covered soil played a relatively minor role in this ordination scheme (S6 Table) . The two Mediterranean clusters are clearly defined by floristic and environmental contrasts where plots from cluster M1 are found under the most arid and warm climate on relatively unfertile, acidic and clayey soils (Fig 4b and S6  Table) . The ordination of the savannas is more complex, showing a central cluster, S2 (that embraces most of S4), and the satellite clusters S1 and S3 (Fig 4c) . Aridity is the main environmental variable that splits the drier and hotter cluster S2 from the rest. Soil fertility and soil texture had only minor roles in this ordination scheme (Fig 4c and S6 Table) . Clusters S3 and S4 appear to be floristic variants of S2 (Fig 4c) as described above. The ordination of the desert supercluster generated the most complex CCA biplot (Fig 4d) . Here, aridity, MAT and rainfall seasonality join soil carbon and available water content and bulk density as the main environmental correlates to the ordination (Fig 4d and S6 Table) . Clusters D1, D2 and D3 constitute the nucleus of the ordination with D4 and D5 becoming satellites (Fig 4d) . The dispersion of plots from cluster D2 is related to the disjunction described above.
Discussion
A large and sparse dataset with high species turnover or β-diversity prevented initial attempts to obtain ecologically sound classification and ordination outcomes. Consequently, we ordinated plots latitude within the environmental space to segment our data set to obtain three coherent major groups or "superclusters". This environmentally based segmentation, is close to that of the Australian Agroclimatic Zones [44] for which reason we consider it adequate. Further clustering was necessary to obtain ecologically interpretable groups, which were tested and supported by the coherence and agreement between their respective environment, floristic composition and structure. The resulting number of derived clusters was linked to the species richness and β-diversity of individual superclusters. Currently, our results are influenced by sparse and still incomplete sampling over large areas and the uneven number of plots in each supercluster. However, there are now >500 plots being analysed that will fill gaps in sampling density and distribution. Therefore, our proposed classificatory scheme and floristic-environmental correlations are subject to refinement through further analysis and interpretation. Nevertheless, this paper provides a meaningful and valuable contribution to our understanding of Australian vegetation community distributions and the significance of standardized survey methods. Also, our results will help to determine where further survey effort is needed [32] .
Floristic and structural diversity
While many vegetation studies report floristic composition and vegetation structure, very few associate these results numerically [45] . The significant correlation between our floristic and structural (growth form) importance-based distance matrices supports our proposed initial dataset supercluster segmentation. Additional surveying and insertion of new plots within the classificatory scheme proposed here, will further test its adequacy. Since biodiversity comparisons are contingent on area sampled and survey density, the desert supercluster was the most speciose. At the plot level however, species richness and diversity differences are less well defined but there are remarkable structural differences in terms of the relative importance of plant growth-forms.
The floristic ordination of the Mediterranean plots was the most scattered due to the prominent spatial disjunction discussed above and the inclusion of plots from Flinders Lofty Block, which is considered to be a floristic refugium [4] . The two Mediterranean clusters differ significantly in mean species richness, α-diversity and plot cover, the proportion of shrubs and the presence and importance of chenopods and hummock grasses. The prominent disjunction in the mallee type vegetation in cluster M1, floristically splitting eastern and western sites, is likely both an artefact of high spatial isolation between sampling locations and a result of broader east-west biogeographic influences. Historical marine transgressions into the Nullarbor Plain related to sea level rise in the Great Australian Blight, and ensuing calcium enrichment of soils, generated significant barriers to vegetation in concert with high aridity [46] .
Within the savannas, cluster S2 was the most sampled and consequently the most species rich. However, the highest mean plot species richness was found in the much smaller cluster S1 that displays an important floristically based disjunction which is related to the Mitchell Grass Downs. Cluster S1 appears to be a transition or borderline area between desert and savanna. Floristically, the desert-savanna floristic transition is possibly caused by shifting the dominance of Eucalyptus species from E. tetrodonta and E. tectifica in the Northern Territory to E. crebra and E. similis in Queensland, although many of the grass species are the same, with a preponderance of Astrebla spp. The appropriate interpretation of the environmental and floristic ordinations of plots from cluster S1 and the Mitchell Grass Downs is uncertain and open to analysis and discussion [47] . The sites comprising cluster S3 are on the extensive floodplains of the Gulf of Carpentaria with highly saline soils, low α-diversity and strong dominance of Sporobulus virginicus (salt couch grass). The plots of the other small and highly wooded cluster S4 display a very strong dominance by Melaleuca citrolens (Myrtaceae) and Lysiphyllum cunninghammi (Fabaceae) which are distinctive of poorly drained and seasonally flooded soils [48] .
The great number of sampled sites and the environmental heterogeneity of the desert supercluster, discussed above, are direct causes of its high β-diversity. Much of inland Australia is covered by tussock and hummock grasslands and scattered woodlands. However, large expanses such as the northern Great Victoria and Gibson deserts, north-eastern South Australia and the area stretching from south of Longreach to the New South Wales border are still unsampled. They will likely be future target areas, in part due to the results reported here. The prominent disjunction within cluster D2 is consequence of this sampling gap. The potential effect of the invasive buffel grass in reducing species richness and diversity was evident in cluster D3, where buffel reached the highest importance value while mean species richness and diversity were the lowest among the desert clusters. The small cluster D5 merits special attention for the relatively high proportion of sedges (Lepidobulus preissianus and Lepidosperma sanguinolentum) within a thick mallee shrub and for displaying high species richness. The ecological importance of these dryland sedges is discussed by [49] and the high species richness and diversity of this cluster is due to its closeness to one of the Australian biodiversity hotspots [50] .
Although not the purpose of this study, the comparison between our floristically based classification scheme and that of the Interim Bioregionalization of Australia (IBRA) [51] is unavoidable. Fifty-two IBRA bioregions have been recognized in the rangelands [28] . Our dataset covers 38 bioregions, which are closely associated with our clusters. The 38 surveyed bioregions were grouped into our 11 clusters (2 Mediterranean, 4 savannas and 5 deserts). Our largest cluster (D1 with 105 plots) covers 24 bioregions and the smallest cluster (S4 with 8 plots) corresponds to only one bioregion. Although they are not strictly comparable, our floristically based classification scheme provides an alternative, potentially corroborative framework for bioregional mapping of the rangelands.
Vegetation-Environment relationships
The vast environmental heterogeneity of the rangelands upholds the floristic and structural complexity of its vegetation. Ecological theory predicts that environmental heterogeneity should be positively correlated to floristic diversity under comparable sampling efforts. We did not find this correlation due to unequal cluster sampling. However, for each supercluster, the dispersion of plots in environmental and floristic ordination space, is relatively alike and reasonably supports the environment-diversity prediction. For example, the wide dispersion of the plots within the Mediterranean and desert superclusters was correlated with relatively large climatic and edaphic gradients while the relative uniformity of the savanna landscape climate is associated to a more compact plot ordination.
Our uni-and multivariate analyses show that aridity is the major environmental variable splitting savannas, deserts and Mediterranean biomes and offer quantitative support to previous descriptions [8, 9, [52] [53] [54] [55] . However, floristic-environment correlations are subject to the idiosyncrasies of each supercluster. Thus, although aridity was a prominent predictor of composition in all of them, air temperature was an important variable in desert and Mediterranean superclusters but not in the uniformly warm savannas. The effects of rainfall amount and seasonality interact with temperature to distinguish the climate of savannas with summer monsoonal rains from the Mediterranean region, seasonally temperate and with winter rains. The deserts are uniformly arid or semi-arid where temperature fluctuations are more drastic on a daily basis. In consequence, vegetation is more constrained by drought in the deserts and less in the savannas whereas temperature is more limiting in the Mediterranean temperate regions.
At the scale of our analysis, soils appear to be more fertile in the Mediterranean supercluster as consequence of higher total nitrogen, cation exchange capacity and carbon content. Soil phosphorus is much less relevant and did not influence our supercluster ordination. The general low phosphorus availability in the continent is a recognized limitation [9, 56] . Within each supercluster though, even minor variances in soil nutrient content were important in defining relationships among clusters. Other traits, such as soil pH, demarcate two Mediterranean clusters whereas salinity, poor drainage and seasonal flooding delineate two savanna clusters. At present, soil data were interpolated with the associated limitations but future work on analysing the collected soil samples will refine our results.
Although not considered here, past fires influence vegetation and their subsequent effect likely confound our analysis. Caused by differences in vegetation cover and structure, it is established that savannas are prone to more frequent but less intense fires than the wooded Mediterranean sites and that deserts are least affected due to their sparse vegetation cover [9, 14, 57, 58] . The legacy effects of grazing on rangeland vegetation remains contentious [59, 60] but would be more pronounced in areas of low productivity (arid to semi-arid) due to higher sensitivity to disturbances. The prominent invasion of buffel grass in some areas of the desert has been related to decreased vegetation diversity by outcompeting native species or through the fire-invasion feedback [60] [61] [62] . Alternatively, buffel grass predominance could be attributed to preferential invasion into low diversity or disturbed sites.
Conclusions
• We present an integrated and comparative environmental, floristic and structural description of rangeland vegetation based on standardised and quantitative vegetation surveys that encompasses most of Australian rangeland jurisdictions.
• Our results offer a tentative classification scheme that is novel, ecologically sound and coherent in terms of floristic composition and structural attributes. Furthermore, our floristically based classificatory framework, conveyed as clusters within superclusters, is supported by environmental and structural growth-form analyses.
• Differences in area and in surveying intensity, between and within our proposed groupings, the hidden effects of paleo-climatic events, fire, grazing and invasion by non-native plants may all influence comparisons or account for some of the unexplained variance in vegetation attributes.
• As more sites are surveyed with the same methodology, an upgraded rangeland vegetation classification scheme and more refined floristic-environment relationships will be accessible.
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